The orientation of the angular momentum vector with respect to the triaxial density distribution selects a left-handed or right-handed system principal axes. This breaking of chiral symmetry manifests itself as pairs of nearly identical ∆I = 1-bands. The chiral structures combine high-j particles and high-j holes with a triaxial rotor. Tilted axis cranking calculations predict the existence of such configurations in different mass regions.
Introduction
Chirality is a common property of molecules. Fig. 1 shows a simple example. The 2-iodubutene contains a stereo center -the C atom -, to which the four different groups are attached. If one selects the bond to the group CH 3 CH 2 , the three groups I, H, CH 3 form a right-handed or a left-handed screw. These two "enatiomers" are related to each other by mirror reflection. Complex bio-molecules are all chiral. Chirality is very obvious for the DNA double-helix. Although in principle two entantiomers exist, which have exactly the same binding energy, organisms synthesize only one. The reason is that the DNA blueprint provides only for one. Since the function of bio-molecules depends critical on their geometry, (e.g. the key-lock mechanism of enzymes) the other enantiomer with the mirror-geometry may not function in the organism. Fig. 2 illustrates chirality of a mass-less particle. The spin can be parallel or anti-parallel to particle momentum. Since the spin of the particle is an axial vector, it defines the a sense of rotation and the two orientations correspond to a right-handed and a left-handed system. The neutrinos, which appear only as left-handed species, introduce chiral asymmetry into the world. The chirality of molecules is of geometrical nature, the chirality of mass-less particles is dynamical.
Nuclei have been thought as being achiral, because they consist of only two species of nucleons and have relatively simple shapes as compared to molecules, However, Meng and Frauendorf 1 recently pointed out that angular momentum adds a new dimension, such that the rotation of triaxial nuclei may attain a chiral character. The lower panel of Fig. 3 illustrates this surprising possibility. We denote the three principal axes (PA) of tri-axial density distribution by l, i, and s, which stand for long, intermediate and short, respectively. The angular momentum vector J introduces chirality by selecting one of the octants. In four of the octants the axes l, i, and s form a left-handed and in the other four a right-handed system. This gives rise to two degenerate rotational bands because all octants are energetically equivalent. Hence the chirality of nuclear rotation results from a combination of dynamics (the angular momentum) and geometry (the triaxial shape).
Symmetries of the Rotating Mean Field.
If we speak about the shape of a nucleus, we mean the shape of its density distribution. The symmetry of the density distribution -spherical or deformed-decides if the spectrum will be irregular or show rotational bands. The density distribution is found by means of mean field approaches, like the various types of the Hartree-Fock calculations or the Strutinsky method. For large angular momentum one has to use the Cranking generalizations of these methods, which describe an uniformly rotating mean field. In these studies, one used to assume that the axis of uniform rotation coincides with one of the principal axes of the density distribution, as it its the case for molecules. Frauendorf 2 demonstrated that nuclei are different from molecules. They may uniformly rotate about an axis that is tilted with respect to the principal axes of the density distribution. The Tilted Axis Cranking model (TAC) 2,3,4 allow us to calculate the orientation of the rotational axis. TAC consist in applying one of mean field approximations to the two-body Routhian
Here, H is the two-body Hamiltonian of choice and J z the angular momentum component along the z-axis which is the rotational axis. The new element as compared to traditional cranking calculations is to allow for all orientations of the density distribution with respect to the z-axis. Fig.  3 illustrates how changing the orientation of the rotational axis leads to different discrete symmetries, which show up in the level sequence of rotational bands. In the upper panel the axis of rotation (which is chosen to be z) coincides with one of the PA, i. e. the finite rotation R z (π) = 1. This symmetry implies the signature quantum number α, which restricts the total angular momentum to the values I = α + 2n, with n integer (∆I = 2 band) 5 . In the middle panel the rotational axis lies in one of the planes spanned by two PA (planar tilt). Since now R z (π) = 1, there is no longer Figure 3 . The discrete symmetries of the mean field of a rotating triaxial reflection symmetric nucleus (three mirror planes). The axis of rotation (z) is marked by the circular arrow. It coincides with the angular momentum J. The structure of the rotational bands associated with each symmetry type is illustrated on the right side.The meaning of the symmetry operations is explained in the text. Note the change of chirality induced by T Ry(π) in the lowest panel.
a restriction of the values I can take. The band is a sequence of states the I of which differ by 1 (∆I = 1 band). There is a second symmetry in the upper two panels: The rotation R y (π) transforms the density into an identical position but changes the sign of the angular momentum vector J . Since the latter is odd under the time reversal operation T , the combination T R y (π) = 1.
In the lower panel the axis of rotation is out of the three planes spanned by the PA. The operation T R y (π) = 1. It changes the chirality of the axes l, i and s with respect to the axis of rotation J . Since the left-and the righthanded solutions have a the same energy, they give rise to two degenerate ∆I = 1 bands. They are the linear combinations of the left-and righthanded configurations , which restore the spontaneously broken T R y (π) symmetry. Figure 4 . Orbitals of a high-j proton and a high-j neutron hole coupled to the triaxial density distribution. Fig. 4 illustrates how such a solution may arise. The proton aligns its angular momentum j p with the short axis of the density distribution. This orientation maximizes the overlap of its orbital with the triaxial density, . The parity of the bands is + and I = 9. From 8 . The TAC calculation from 6 is included.
R j h j p
which corresponds to minimal energy, because the core-particle interaction is attractive. The neutron hole aligns its angular momentum j h with the long axis. This orientation minimizes the overlap of its orbital with the triaxial density, which corresponds to minimal energy, because the corehole interaction is repulsive. The angular momentum of the core R is of collective nature. It likes to orient along the intermediate axis, which has the largest moment of inertia, because the density distribution deviates strongest from rotational symmetry with respect to this axis.
Appearance of Chirality in the Spectra
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The Particle-Rotor model, in the context of which the possibility that rotating triaxial nuclei may become chiral was conceived 1 , provides us insight into the dynamics. The simplest chiral configuration is illustrated in Fig. 4 . One high-j proton and one high-j neutron couple to a triaxial rotor. For the odd-odd nuclei in the mass 134 region, the high-j orbitals are h 11/2 . The generic case of a triaxial rotor with maximal asymmetry (γ = 30 o ) and the irrotational flow relation J l = J s = J i /4 between the moments of inertia was studied in 1,9,10 . Fig. 6 shows the result of such calculations.
At the beginning of the lowest band the angular momentum originates from the particle and the hole, whose individual angular momenta are aligned with the s-and l-axes. These orientations correspond to a maximal overlap of the particle and hole densities with the triaxial potential, as illustrated in Fig. 4 . A ∆I = 1 band is generated by adding the rotor momentum R in the s-l plane (planar tilt). There is a second ∆I = 1 band representing a vibration of J out of the s-l plane, which is generated by a wobbling of R. This is a more precise description of the chiral vibration mentioned above. Higher in the band, R reorients toward the i-axis, which has the maximal moment of inertia. The left-and the right-handed positions of J separate. Since they couple only by some tunneling, the two bands come very close together in energy. This is the regime we called chiral rotation. The reorientation of R, i. e. the transition from chiral vibration to rotation is well localized in the spectrum Fig. 6 . It appears also in the higher bands at larger I.
Predictions of chirality in various mass regions
The chiral configuration is rather special. The shape must be triaxial, and there must be high-j particles and high-j holes. The existence of such a structures and their location in the nuclear chart must by studied by means of microscopic TAC calculations. Table 1 summarizes the results of our TAC studies. The table shows only one representative nucleus for each mass region. The TAC barriers between the the left-and right handed sectors are in the order of 50-100 keV . The Particle-Rotor calculations show that this leads to grouping into the chiral sister bands. However, for a quantitative estimate of the splitting one needs calculating the tunneling in a microscopic way, which we have not been able yet. Therefore, we only correlate the chiral TAC solutions with the appearance of pairs of bands, without trying to predict if they will be chiral vibrators or rotors. We discuss here only two regions. The other regions are discussed in 6,14 .
Most TAC calculations have been carried out for the region around 134 59 Pr 75 . Both the experiment and TAC point to an island of chirality around Z = 59 and N = 75. In the N = 75 chain, the shores seem to be Z = 65 and 51. The low-Z shoreline seems to be 72. The high-Z shore is not known yet. The center of the island is Z ≈ 60 and N ≈ 76. The simplest chiral configurations appear in odd-odd nuclei, where a high-j particle and high-j hole couple to the triaxial rotor. Most of the experimental chiral sister bands in the mass 134 region have this structure. For breaking the 13 found a pair of negative parity bands in this nucleus, which have this structure and come as close as 90 keV . This demonstrates that the appearance of the sister bands is not a specific property of odd-odd nuclei, but a consequence of the chiral geometry, whichever it is generated. For further discussion of this region see 14 .
Another promising region contains the neutron rich nuclei near Z = 43 and N = 65. Many nuclei are predicted to be triaxial 15 18 . Although the shape of this nucleus is triaxial according to the TRS calculations, our TAC calculation gave a planar geometry. The reason is that the νg 7/2 hole-type quasineutron does not well enough align with the long axis. It should be mentioned that the theoretical results concerning triaxiality and chirality are sensitive to the position of the single-particle levels, which are still nor very well known in this region. Hence, more spectroscopic data and comparison with the theoretical models are needed in order to reduce these uncertainties.
Conclusions
The quantal rotation of molecules has been the paradigm for the interpretation of nuclear rotational bands. However, for nuclei the relation between angular momentum J and velocity ω is much more complex than for molecules. Nuclei contain nucleons on orbits with large angular momentum, which is kept constant by quantization. Due to the presence of these micro-gyroscopes the axis for uniform rotation (the angular momentum vector J ) can take any direction with respect to the density distribution. The chiral symmetry is broken if J does not lie in one of the three mirror planes planes of the triaxial density distribution. Chirality appears in geometric arrangement of atoms or chemical groups in in molecules. Chirality is also a dynamical property of mass-less elementary particles. The new example of chirality of rotating nuclei results from the combination geometrical (triaxial shape) and dynamical (orientation of J ) features. Chiral rotation manifest itself as a pair of nearly identical ∆I = 1-bands with the same parity. Tunneling between the left-and right-handed configurations causes an energy splitting between the chiral sister bands. A weaker form chirality are the chiral vibrations, which are slow oscillations of J between the left-and right-handed configurations. They show up two ∆I = 1-bands, separated by the (small) vibrational energy.
Microscopic tilted axis cranking calculations predict chirality in various mass regions. There is some systematic experimental evidence for chiral sister bands in odd-odd nuclei around mass 134. The region of neutron rich nuclei around 108 Tc seems to be promising for discovering more experimental examples of chirality.
